A new method for the simultaneous online measurement of sulfide and nitrate in wastewater is developed. A UV-VIS spectrometer was used. The sensor was calibrated by means of simultaneous online and offline measurements of sulfide and nitrate in batch tests carried out on a laboratory-scale sewer system. The developed calibration algorithm was successfully validated for both sulfide and nitrate measurement, with confidence limits of 2.7 mg S/L for total dissolved sulfide, and 7.5 mg N/L for nitrate. The online measurement of sulfide and nitrate enabled detailed evaluation of seven nitrate dosing strategies in the laboratory-scale sewer system, providing strong support to process optimisation. The dosage optimisation revealed that nitrate should be added at a location close to the point of sulfide control rather than at the beginning of a rising main, at a rate proportional to the expected hydraulic retention time (HRT) of the wastewater in the sewer section between the point of nitrate addition and the point where sulfide control is desired.
INTRODUCTION
The build-up of hydrogen sulfide in sewer atmosphere causes detrimental effects such as odour nuisance, corrosion of pipes and health hazards (Thistlethwayte 1972; USEPA 1974; Hvitved-Jacobsen 2002) . Sulfide is produced in sewer systems by sulfate reducing bacteria (SRB) under anaerobic conditions. A number of operational strategies have been employed by the wastewater industry to minimise sulfide production in sewers. These range from simple strategies like mechanical cleaning to strategies that involve the addition of chemicals, such as nitrate, oxygen, metal salts (Fe 2 þ , Fe 3 þ , Zn 2 þ ), alkali, chlorine, ozone or hydrogen peroxide (Boon 1995; Boon et al. 1998; Hobson & Yang 2000; Gutierrez et al. 2008; Zhang et al. 2008; Mohanakrishnan et al. 2009 ).
The dose of nitrate is a widespread operational strategy for sulfide control. A number of mechanisms are thought to contribute to the inhibitory effects of nitrate on SRB activity. Nitrate addition can increase the redox potential of wastewaters and thus decrease sulfide production by SRB (Allen 1949; Poduska & Anderson 1981) . More recently, nitrate addition has also been found to stimulate the growth of nitrate reducing, sulfide oxidising bacteria (NR-SOB) (Garcia-de-Lomas et al. 2007; Mohanakrishnan et al. 2009 ), resulting in biological sulfide oxidation with nitrate. Nitrate addition can also increase the pH of the wastewater due to denitrification, which in turn decreases sulfide stripping to the gas phase (Hvitved-Jacobsen 2002) . Nitrate is dosed mainly as Ca(NO 3 ) 2 . The high solubility of nitrate salts in water is the principal advantage of nitrate over oxygen, which is also commonly used as an oxidant. This provides a high flexibility in dosage operation in terms of both dosing rate and location, allowing for operational optimisation towards better sulfide control performance and lower chemical consumption.
Online measurement of sulfide in sewers has been a concern of research due to its potential in supporting of UV-VIS tools has also been reported (Langergraber et al. 2003) . However, the simultaneous determination of sulfide and nitrate has not been developed to date, mainly due to the overlapping absorption regions of the two substances in the UV-VIS spectra. The design of a tool capable of measuring sulfide and nitrate simultaneously would certainly be beneficial for the sewer management authorities that use nitrate for sulfide control.
The aim of this study is to develop and demonstrate an instrument based on UV-VIS spectroscopy for the simultaneous online measurement of sulfide and nitrate.
A UV-VIS spectrometer probe was used as the sensor.
The spectrum data was analysed using the partial least square (PLS) algorithm (Mevik & Wehrens 2007) . The sensor was calibrated using the sulfide and nitrate data measured offline from a laboratory-scale sewer system receiving real sewage and nitrate dosing. The sensor was then applied to evaluating sulfide control performance of several nitrate dosing strategies.
MATERIAL AND METHODS
The UV-VIS spectrometer
The UV-VIS spectrometer used in this work is an in-situ probe (s::can spectro::lyser, Messtechnik, GmbH, Vienna, Austria) about 0.6 m in length and 50 mm in diameter.
The path length of the spectrometer optics was 2.0 mm.
A bypass system was used to connect the spectrometer with the sewer reactor (see below) allowing wastewater samples to be diverted to the spectrometer optics. The spectrometer measures the attenuation of light due to a wastewater sample at wavelengths between 200 and 750 nm.
Each measurement took about 15 seconds during which the spectra were collected and were repeated in a 2 minutes frequency. The data were logged and analysed by a computer connected to the spectrometer. The spectrometer optics were manually cleaned every second day and also at the beginning of each test.
Sewer laboratory system setup and operation (Table 1) , the spectrometer was alternately connected to RME4 and RMC4 to measure the dissolved sulfide concentration in these reactors, and the nitrate concentration in the case of RME4. Sulfide production in the two systems was compared.
Batch tests for sensor calibration
Calibration of the UV-VIS-spectrometer sensor was carried out utilising the spectra collected by the sensor during batch tests carried out on the reactors. During each batch test, the Table 1 ). The wet well was part of the system only during Period 2 to enable constant dosing.
reactor tested and the sensor were connected by a bypass system allowing sample to be diverted to the spectrometer Spectra representing the background wastewater matrix were generated from a combination of two curves with shapes representative of a very large number of real wastewater spectra recorded at many different locations across Australasia. These made up the first two terms in Equation (1), where the coefficients A, B, C, D and E were varied to generate the dataset of background spectra.
Reference spectra for the target compounds, namely nitrate and bisulfide, were then added with varying amplitude.
These are F and G in Equation (1).
The total invented absorption is the sum of all the terms on the right hand side of Equation (1). Mathematical "noise" was added to the invented spectra for two main reasons: firstly to avoid false calibration based on anomalies in the reference spectra and secondly to produce a calibration capable of measuring with the sometimes "noisy" conditions which can occur in practice.
We then generated PLS for nitrate and sulfide using these spectra and theoretical laboratory nitrate and bisul- An application case study: optimisation of nitrate dosage to the lab systems
The calibrated sensor was then used to evaluate the performance of the seven nitrate dosing methods. As examples, Figure 5A shows the typical sulfide concentration profile measured in RMC4 (last reactor in the reference system), while Figure 5B and C show the nitrate and sulfide concentration profiles measured in RME4 during test periods 2 and 7. The pumping pattern applied to these systems is also presented in the figure. Table 1 ).
While there were some sulfide peaks ranging between 2 and 7 mg S/L measured in RME4, they were present immediately after a pumping event and removed in RME4 before the next pumping event. Hence there was almost no sulfide discharged in Period 7, representing total sulfide control.
The simultaneous measurement of sulfide and nitrate revealed that sulfide accumulation ceased to occur in the presence of nitrate. Indeed, the residual sulfide was quickly removed in the presence of nitrate, likely by the nitrate reducing-sulfide oxidising bacteria (NR-SOB) (Mohanakrishnan et al. 2009 ). However, sulfide accumulation resumed in the system as soon as nitrate was completely consumed and anaerobic conditions prevailed again ( Figure 5B ). This indicates that nitrate does not have a long-lasting inhibitory/toxic effect on SRB.
A comparison of the seven nitrate dosing regimes tested with the reference system in terms of sulfide control and nitrate consumption is given in Table We recommend the use of such data for the design of dosing location and rate. 
